We found that the hippocampal projection to prefrontal cortex is composed of two parallel circuits located in the 10 superficial or deep hippocampal pyramidal layers. These circuits have unique upstream and downstream connectivity, 11 and are differentially active during exploration of a potentially threatening environment. Artificial activation of the 12 superficial circuit promotes exploration via preferential recruitment of PFC inhibition, while activation of the deep circuit 13 promotes avoidance via direct excitation. 14 15 16
However, little is known about the synaptic and circuit mechanisms that might underlie this dual role. Notably, pyramidal neurons 23 in vH are comprised of a series of segregated populations that have unique genetics, physiology and circuit function 13 . Therefore, 24 we hypothesized that the apparent dual role of vH input in PFC may be a result of the projection being composed of more than 25 one population of neurons, each recruited at different points during behavior, with distinct downstream connectivity within PFC. 26 27 To investigate this possibility, we first labelled neurons that project to the PFC with an injection of the retrograde tracer cholera 28 toxin (CTXb, Fig.1a) . Strikingly, labelled neurons in vH consistently formed two distinct layers at the extreme poles of the radial 29 axis (Fig.1b, Sup.Fig.1 ) -one along the most superficial layer and one in the deep layer -corresponding to layer II and IV of 30 subiculum 14 . This layered organization was unique to PFC-projecting neurons and was not found in projections to other 31 downstream regions (Sup. Fig.1 ). 32 We hypothesized that these two spatially distinct populations may represent two circuits that could underlie the dual role of the 33 vH to PFC (vH-PFC) projection. Consistent with this idea, the two populations had distinct morphological and electrophysiological 34 properties (Sup. Fig.2 ), reminiscent of dorsally located superficial and deep neurons 15 . Similarly, RNA sequencing revealed 35 multiple genes that were differentially expressed across the two populations (Sup. Fig.3) including Calbindin1 (Calb1) which was 36 enriched in the superficial PFC-projecting population 16 . We confirmed selective Calb1 expression in the superficial layer using 37 fluorescent labelling with a retrograde 'switch' virus injected into PFC, where the identity of the fluorescent reporter in vH was 38 dependent on the expression of Calb1 (Fig.1c,d) . Thus, hippocampal neurons that project to PFC can be split into two populations 39 with distinct molecular, cellular and physiological properties, consistent with the hypothesis of a heterogeneous vH-PFC circuit. 40 We next tested if this parallel output organization was mirrored by unique afferent input. We first used tracing the relationship 41 between input and output (TRIO) to show dense input onto vH-PFC neurons from CA3, entorhinal cortex (ENT), anterior thalamus 42 (ATh), and the diagonal band of Broca (DBB, Sup.Fig.4) . Using channelrhodopsin assisted circuit mapping (CRACM) in acute 43 slices of vH, we found that while CA3 terminal stimulation resulted in roughly equal excitatory synaptic drive in both superficial 44 and deep neurons, ENT input was biased towards superficial layer neurons, and both DBB and ATh input was markedly biased 45 the superficial layer of vH drives more feedforward inhibition in PFC compared to the deep layer, which drives more excitation 19 (Fig2j-l). 20 21 Figure 1 | Hippocampal neurons projecting to PFC form two populations segregated across the radial axis. a) Schematic of cholera toxin (CTXb) injection into PFC and retrograde labelling in hippocampus. b) Left, Transverse slice of hippocampus labelled with CTXb. Right, zoom of retrogradely labelled neurons in boxed region, with fluorescence intensity profile. Arrows highlight the two distinct peaks of fluorescence at the two extremes of the radial axis. See Sup. Fig.1 for detailed quantification. Scale bar = 500 µm (Left) 100 µm (Right). c) AAVretro-Switch injection into the PFC of Calb1-Cre mice and subsequent Cre-dependent retrograde labelling in hippocampus. d) Transverse slice of hippocampus labelled with AAVretro-Switch. Cyan labels Calb1 + PFC-projecting neurons and magenta labels Calb1neurons. Right, zoom of retrogradely labelled neurons in boxed region, with fluorescence intensity profile for Calb1 + (cyan) and Calb1 -(black) neurons. Arrows highlight the two genetically distinct peaks of fluorescence at the two extremes of the radial axis. Scale bar = 500 µm (Left) 100 µm (Right). e) Schematic showing experimental setup. ChR2 injected into each afferent region and retrobeads injected into PFC. 2 weeks later inputspecific connectivity was assessed using paired recordings of superficial and deep vH-PFC neurons in acute slices. f) Light-evoked responses in example pairs of superficial (blue) and deep (black) layer PFC-projecting hippocampal neurons in response to afferent input. Superficial responses are scaled to neighboring deep responses. Scale bar = 20 ms, 0.5 fold of deep neuron response. Purple tick represents the light stimulus. g) Summary of the ratio of superficial : deep neuron EPSP for each afferent input. Higher values mean input is biased to superficial neurons, low values towards deep layer neurons. Note log scale. ENT input is biased towards activation of superficial neurons (V = 44, p = 0.007, n = 9 pairs, Wilcoxon), CA3 input is equivalent onto superficial and deep layer neurons (V = 27, p = 1.0, n = 10 pairs, Wilcoxon), ATh and DBB input is biased towards activation of deep neurons (ATh: V = 12, p = 0.034, n = 7 pairs; DBB: V = 24, p = 0.041, n = 15 pairs, Wilcoxon). Here and throughout data is presented as individual data points overlaid on the mean ± s.e.m. _______________________________________________________ Fig.5 . g) Strategy to label neurons projecting to inhibitory and excitatory neurons in PFC. h) Transverse slice of hippocampus labelled with CTXb (cyan) and rabies (magenta) after tracing from excitatory (top) or inhibitory (bottom) neurons in PFC. Note the restriction of rabies labelling from excitatory neurons to the deep layer. Scale bar = 100 µm. i) Proportion of CTXb positive neurons (left) and rabies positive neurons (right) in the superficial layer (see methods, and Sup. Fig.5 ). Note equivalent distribution of CTXb across both conditions (U = 4, p = 0.3, n = 4 injections per condition, Mann Whitney), but a marked absence of neurons projecting to excitatory PFC neurons in the superficial layer (U = 16, p = 0.03, n = 4 injections per condition, Mann Whitney). j) Strategy to record E:I ratio in PFC from each layer in vH. k,l) Responses to superficial (blue) or deep (black) hippocampal inputs at -70 mV (EPSCs) and 0 mV (IPSCs) in deep layer PFC neurons. Purple tick indicates light pulse. Scale bar = 20 ms and 0.5 (fold response amplitude at -70 mV, which is normalized to 1). Summarized in (l). Input from superficial neurons has a greater inhibitory contribution than that of deep neurons. (U = 51, p = 0.017, n = 12 (Sup), 18 (Deep), Mann Whitney). m) Strategy to record input from the two layers of vH onto identified interneurons in PFC. n) Example current clamp recordings from fast-spiking (FS -black) and non-fast-spiking (Non-FS -grey) neurons in PFC. For details of classification see Sup. Fig.6 . Scale bar = 30 mV, 100 ms. o) Responses to superficial (top) and deep (bottom) hippocampal input at -70 mV (EPSCs) onto deep layer PFC neurons and neighboring FS (black) or non-FS interneurons (grey) summarized in (p). Input from superficial neurons innervates both FS and non-FS interneurons to the same extent (U = 84, p = 0.77, n = 12 pairs (FS), 13 pairs (non-FS), Mann Whitney), while deep layer input is biased away from non-FS interneurons (U = 59, p = 0.026, n = 14 pairs (FS), 5 pairs (non-FS), Mann Whitney). q) Strategy to record local inhibitory input to superficial and deep vH neurons. r) IPSCs in pairs of superficial and deep PFC-projecting (top) and neighboring non-PFC projecting (bottom) vH neurons. Scale bar = 20 ms and 0.5 deep response. s) Summary of inhibitory connectivity. Inhibitory input is equivalent onto both superficial and deep PFC-projecting neurons (U = 57, p = 0.38, n = 17 pairs, Mann Whitney), but biased towards deep layer non-PFC projecting neurons (U = 10, p = 0.042, n = 11 pairs, Mann Whitney). t) Strategy to investigate superficial and deep vH neuron connectivity onto local interneurons. u) Focused light allows activation of neurons expressing soCoChR with high spatial resolution. Scale bar = 10 mV, 20 ms. v) Connectivity of superficial and deep PFC projecting vH neurons onto neighboring dlx+ interneurons. Amplitude of EPSCs and probability of connectivity is equivalent for both layers (Amplitude: U = 8, p = 0.42, n = 5 connected pairs, Mann Whitney; % connected: Odds ratio = 0.95, p = 1.0, n = 19 (Sup), n = 18 (Deep), Fishers Exact Test). Scale bar = 10 pA, 20 ms. ______________________________________________________________________________________________________________________ Interneurons in PFC can be characterized into two main subgroups -soma-targeting fast-spiking interneurons, and dendrite-1 targeting non-fast-spiking interneurons -based on their intrinsic properties and the expression of peptides such as parvalbumin 2 and somatostatin 19 (Sup. Fig.6 ). We used CRACM to compare the relative input from superficial and deep layer vH neurons onto 3 pairs of layer V PFC pyramidal neurons and neighboring interneurons identified by their electrophysiological and molecular 4 properties (Fig2m-p). Deep layer vH neurons showed robust input onto both pyramidal neurons and neighboring fast-spiking 5 interneurons in PFC, but very little input onto non-fast-spiking interneurons. In contrast, superficial vH input innervated both fast-6 spiking and non-fast-spiking interneurons in PFC. This suggests that the overall inhibitory bias of superficial vH input may be a 7 result of widespread recruitment of both dendritic and somatic inhibitory circuits within PFC. 8 These results suggest a push-pull type circuit where superficial vH neurons inhibit PFC circuitry via broad recruitment of local 9 interneurons, while deep layer neurons activate PFC via direct recruitment of pyramidal neurons. A hallmark of such circuit motifs 10 in other brain regions is lateral inhibition across the two controlling populations. Consistent with this, we found that ChR2 mediated 11 activation of PV+ interneurons in vH resulted in robust IPSCs in retrogradely labelled superficial and deep PFC-projecting neurons 12 . This is in contrast to neighboring non-PFC-projecting neurons in which IPSCs were biased towards deep layer 13 neurons 20 . To investigate the connectivity of each layer onto local interneurons, we elicited action potentials in individual PFC-14 projecting neurons from each layer while recording from neighboring genetically identified interneurons in vH, using a focused 15 light spot to activate somatically targeted CoChR2 (Fig.2t, u) . We found that PFC-projecting neurons in each layer connected to 16 local interneurons with a similar amplitude and connection probability ( Fig.2v ). Overall, this suggests lateral inhibition across the 17 two populations of vH-PFC neurons, completing a prototypical push-pull circuit. to open arm exploration (GFP:Sup: t(23) = 3.78, p = 0.004; GFP:Deep: t(23) = 2.48, p = 0.026, n as above, Welch t-test with Holm-Sidak correction). ____________________________________________________ vH-PFC projecting neurons are strongly implicated in exploration of the elevated plus maze (EPM), where their activity tracks the 1 decision to enter the potentially threatening open arms of the maze 2,5,7 . We next asked if the two opposing superficial and deep 2 populations in vH were differentially active during this exploratory behavior, as suggested by their circuit connectivity. We recorded 3 the activity of both populations using bulk calcium imaging through an optical fiber ( Fig.3a-c, Sup.Fig.7) . We aligned these 4 recordings to when mice made the decision to move from the closed arms to the open arm of the elevated plus maze, and 5 compared this to the decision to enter the closed arms of the maze (Fig.3d ). We found that in the seconds leading up to exploration To test if the observed activity of the two populations could influence exploratory choice, we expressed ChR2 in either deep or 13 superficial layer neurons in vH, and implanted optical fibers unilaterally in PFC ( Fig.3i, Sup.Fig.8 ). This allowed us to stimulate 14 axons arriving in PFC from each of the two layers while the animal was exploring the maze. To mimic the activity from our calcium 15 recordings, we artificially activated axons with blue light for a three-minute epoch, only when mice entered the central choice point 16 in the EPM, and maintained excitation until the mice returned to the closed arms 1 (Fig.3j ). Consistent with our calcium imaging Overall, we have identified two parallel populations of pyramidal neurons in the hippocampus that send projections to PFC. These 21 two populations form a long-range push-pull circuit. One population is driven by top-down cortical input and promotes exploration 22 via preferential recruitment of feedforward inhibition within PFC. The second is driven by bottom-up basal forebrain and thalamic 23 input, and promotes avoidance via direct connections onto PFC pyramidal neurons (Sup. Fig.9 ). This push-pull circuit provides a 24 mechanism for regulation of exploratory behavior through bidirectional hippocampal control of PFC, and provides a circuit basis 25 for the control of the intricate excitatory and inhibitory circuit architecture of the PFC. Wilcoxon paired V = 44 p = 0.007 CA3 -superficial:deep ratio mean+/-sem Surgery: 38 Stereotaxic injections were performed on 7 -10 week old mice anaesthetized with isofluorane (4 % induction, 1 -2 % maintenance) 39 and injections carried out as previously described [28] [29] [30] . Briefly, the skull was exposed with a single incision, and small holes drilled 40 in the skull directly above the injection site. Injections are carried out using long-shaft borosilicate glass pipettes with a tip diameter 41 of ~ 10 -50 µm. Pipettes were back-filled with mineral oil and front-filled with ~ 0.8 μl of the substance to be injected. A total 42 volume of 140 -160 nl of each virus was injected at each location in ~ 14 or 28 nl increments every 30 s. If two or more substances 43 were injected in the same region they were mixed prior to injection. The pipette was left in place for an additional 10 min to 44 minimize diffusion and then slowly removed. If optic fibers were also implanted, these were inserted immediately after virus 45 injection, secured with 1 -2 skull screws and cemented in place with C&B superbond. Immunohistochemistry: 26 Brain slices for staining were prepared as described above. Firstly, 70 µm thick slices were incubated in blocking solution (0.03 27 % BSA and 0.5 % triton in PBS) for 3 hours at room temperature. Following incubation in blocking solution, slices were incubated 28 overnight in a 1:5000 dilution of anti-DDDDK Tag primary antibody (ab1257, Abcam) in blocking solution at 4 °C. Following 29 incubation in primary antibody, slices were washed 3 times (30 minutes per wash) in PBS before incubation in a 1:500 dilution of 30 secondary antibody (Alexa 555 donkey anti-goat; A21432, Invitrogen) for 4 hours at room temperature. Following this incubation, 31 slices were washed again in PBS as before and mounted (as above) for imaging.
33
Analysis of spatial distribution of PFC-projecting hippocampal neurons: 34 The spatial distribution of retrogradely labelled PFC-projecting hippocampal neurons was analyzed in transverse slices from mice 35 injected with cholera toxin in PFC, and imaged as described above. 3 slices spanning 300µm between ~-3.5 and -5.0 mm DV 36 were analyzed per injection. Sections containing the hippocampus were straightened along the cell body layer using the straighten 37 macro in FIJI to produce a single field stretching from proximal CA3 to distal subiculum. Labelled cells within each slice were 38 manually counted, and the coordinates saved for later analysis. We defined the CA1 / subiculum border as the point where the 39 hippocampal cell layer widens into a more subicular-like structure, which occurs consistently at ~0.7 of the distance of the entire 40 straightened field. Custom scripts written in Python based around the scikit.learn package were used to cluster the coordinates 41 using a Gaussian Mixture Model (GMM). Models containing between 1 and 6 components were fit to the data, and Bayesian 42 Information Criterion (BIC) was used to select the best fit.
44
Analysis of rabies labelling from VGAT and CaMKii neurons in PFC: 45 As above, transverse hippocampal slices containing cholera toxin and rabies labelling of PFC-projecting cells were used for cell 46 counting. All cells in the straightened hippocampal formation were counted, irrespective of fluorescent label to gain an overall distribution of vH-PFC neurons. These coordinates were clustered using GMM as above, where all analyzed fields were best fit 48 by two components. Rabies positive cells were assigned to one of the two components (i.e. superficial and deep layers) created 49 by the clustering algorithm. Data is presented as proportion of all rabies labelled cells in each layer. As an internal control data for 50 cholera toxin labelling is also presented using the same method, which shows there are no differences in the overall layer structure 51 between the CaMKii and VGAT experiments. Slice preparation: 57 Hippocampal recordings were studied in acute transverse slices, while prefrontal cortical recordings in Fig.2 Whole-cell electrophysiology: 5 Whole-cell recordings were made from hippocampal pyramidal neurons retrogradely labelled with retrobeads or CTXb, which 6 were identified by their fluorescent cell bodies and targeted with Dodt contrast microscopy, as previously described [28] [29] [30] . For 7 sequential paired recordings, neurons were identified within a single field of view at the same depth into the slice. The recording 8 order was counterbalanced to avoid any potential complications that could be associated with rundown. For current clamp 9 recordings, borosilicate recording pipettes (2-3 MΩ) were filled with (in mM): 135 K-gluconate, 10 HEPES, 7 KCl, 10 Na-10 phosphocreatine, 10 EGTA, 4 MgATP, 0.3 NaGTP). For voltage clamp experiments, three internals were used, First, in Fig.2j-l   11 and Fig.2v , Cs-gluconate based internal was used containing (in mM): 135 Gluconic acid, 10 HEPES, 7 KCl, 10 Na-12 phosphocreatine, 4 MgATP, 0.3 NaGTP, 10 TEA and 2 QX-314. In Fig.2j-l , excitatory and inhibitory currents were electrically 13 isolated by setting the holding potential at -70 mV (excitation) and 0 mV (inhibition) and recording in the presence of 10 mM 14 extracellular APV, in Fig.2v excitatory currents were isolated by recording at -70 mV in 10 mM extracellular Gabazine. Second, 15 to allow characterization of interneuron intrinsic properties, experiments in Fig.2m-p were carried out using current clamp internal 16 and excitatory currents were isolated using 10 mM extracellular Gabazine. Finally, to record inhibitory currents at rest in Fig.2q-17 s, we used a high chloride internal (in mM): 135 CsCl, 10 HEPES, 7 KCl, 10 Na-phosphocreatine, 10 EGTA, 4 MgATP, 0.3 NaGTP, 18 10 TEA and 2 QX-314, with 10 mM external NBQX and 10 mM external APV. For two-photon experiments, the internal solution 19 also contained 30 μM Alexa Fluor 594 (Molecular probes). Recordings were made using a Multiclamp 700B amplifier, with 20 electrical signals filtered at 4 kHz and sampled at 10 kHz.
22
Viral strategy for in vitro optogenetics: 23 Presynaptic glutamate release was triggered by illuminating ChR2 in the presynaptic terminals of long-range inputs into the slice, 24 as previously described [28] [29] [30] . Wide-field illumination was achieved via a 40 x objective with brief (0.2, 0.5, 1, 2 and 5 ms) pulses of 25 blue light from an LED centered at 473 nm (CoolLED pE-4000, with appropriate excitation-emission filters). Light intensity was 26 measured as 4-7 mW at the back aperture of the objective and was constant between all cell pairs. 27 To achieve afferent specific terminal stimulation in vH (Fig.1e ), AAV2/1-hSyn-hChR2(H134R)-EYFP was injected into each 28 downstream area, and retrobeads were injected into PFC to label the two layers in vH. 29 To achieve input-specific terminal stimulation in PFC (Fig.2j-p and Fig3j-l) , we injected AAV2/1-EF1a-FLEX-hChR2(H134R)-30 EYFP in Calb1-Cre mice to target superficial neurons, and AAV2/1-CaMKIIa-hChR2(H134R)-EYFP to target deep layer neurons 31 (see Sup. Fig.6 for quantification of layer distribution).
32
To target whole cell recordings to interneurons (Fig.2m,t, Fig.2v ), we used AAV2/9-dlx-mRuby injections in the area of interest. 33 To express ChR2 in local PV interneurons within vH (Fig.2q ), we injected AAV2/1-EF1a-FLEX-hChR2(H134R)-EYFP into the vH 34 of PV-Cre mice, and retrobeads into PFC to allow paired recordings from the two layers. 35 To allow single cell optogenetic stimulation ( Fig.2t-v containing TTX (100 nM) to block sodium channels, NBQX (20 μM) and APV (50 μM) to block AMPA and NMDA receptor 1 transmission respectively, and Pronase (1 mg / ml) to disrupt the extracellular matrix, followed by a further 30 mins wash in aCSF 2 without Pronase. Following incubation, slices were placed in a sylgard-filled chamber under a dissection stereomicroscope (Leica between different Cre-dependent viruses 34 . Second, we repeated recordings in Calb1-Cre mice that were injected with either 38 AAVretro-DIO-RCaMP2 to label superficial neurons, or AAVretro-CaMKii-RCaMP2 to label deep neurons. This strategy allowed 39 us to use the same sensor (RCaMP2) to record activity of each population, to control for the possibility of potential interactions 40 between, or any variability across sensors. As data did not differ across the two recording conditions (Sup. Fig.7) , signals were 41 pooled for further analysis.
42
Bulk calcium imaging during behavior. After habituation (above), mice were exposed to the elevated plus maze (EPM) for 9 min, 43 and allowed to freely explore the open and closed arms of the maze. To record calcium activity, we used a system based on 35-44 37 . Briefly, two excitation LEDs (565 nm 'green' and 470nm 'blue') were controlled via a custom script written in Labview (National 45 Instruments). Blue excitation was sinusoidally modulated at 210Hz and passed through a 470 nm excitation filter while green 46 excitation was modulated at 500 Hz and passed through a 565 nm bandpass filter. Excitation light from each LED was collimated, then combined using a 520 nm long-pass dichroic mirror. The excitation light was coupled into a high-NA (0.53), low-48 autofluorescence 200 µm patch cord by reflection with a multiband dichroic mirror and fiber coupler. Each LED was set to 100 µW 49 at the far end of the patch cord, which was terminated with a 2.5 mm ferrule. The emission signal was collected through the same 50 patch cord and collimator, and separated from the excitation light by the multiband dichroic. Green and red signals were split using 51 a longpass dichroic mirror before being passed through a GFP emission filter and RFP emission filter respectively. Filtered 52 emission was then collected by a femtowatt photoreceiver (Newport). The photoreceiver signal was sampled at 100 kHz, and 53 each of the two modulated signals generated by the two LEDs was independently recovered using standard synchronous We thank Marco Tripodi for providing rabies virus, and the UCL FACS facility and UCL Genomics for help with RNA sequencing. and 6 components were fit to the data, and Bayesian Information Criterion (BIC) was used to select the best fit. Figure   16 shows example of clustering of spatial location of both PFC-projecting neurons (which consistently form two layers) and Fisher's exact Odds ratio = 0.0 p = 2.063e-07 Fisher's exact test Odds ratio = 12.5 p = 0.009
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Sup 2n
Superficial: mean +/-sem Deep: mean +/-sem 7 6
Mann Whitney U = 0.0 p = 0.003
Sup 2o
Basal mean dendritic length: Superficial: mean +/-sem Deep: mean +/-sem 7 6
Repeated measures within and between subjects ANOVA with Greenhouse-Geisser correction for sphericity F(3.337,36.711) = 1.701 p = 0.179
Sup 2p
Apical mean dendritic length: Superficial: mean +/-sem Deep: mean +/-sem 7 6
Repeated measures within and between subjects ANOVA F(35,385) = 1.549 p = 0.027
Sup 2s
Nexus: Superficial: mean +/-sem Deep: mean +/-sem 7 6
Mann Whitney U = 38.5 p = 0.015
Sup 2t
Longest dendrite: Superficial: mean +/-sem Deep: mean +/-sem 7 6
Mann Whitney U = 35.5 p = 0.045
Sup 2v
Cumulative count by order: Superficial: mean +/-sem Deep: mean +/-sem 7 6
Repeated measures within and between subjects ANOVA with Greenhouse-Geisser F(5.053,55.694) = 0.262 p = 0.934
Sup 2w
Cumulative dendrite length by order: Superficial: mean +/-sem Deep: mean +/-sem 7 6
Repeated measures within and between subjects ANOVA with Greenhouse-Geisser F(4.715,51.868) = 0.610 p = 0.683 Mann Whitney U = 24 p = 0.014
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